Single-molecule force spectroscopy (SMFS) is a powerful tool to dissect molecular interactions that govern the stability and function of proteins. We applied SMFS to understand the effect of Zn 2؉ on the molecular interactions underlying the structure of rhodopsin. Force-distance curves obtained from SMFS assays revealed the strength and location of molecular interactions that stabilize structural segments within this receptor. The inclusion of ZnCl 2 in SMFS assay buffer increased the stability of most structural segments. This effect was not mimicked by CaCl 2 , CdCl 2 , or CoCl 2 . Thus, Zn 2؉ stabilizes the structure of rhodopsin in a specific manner.
Zinc is the second most abundant trace element found in the human body (1) and occurs in high concentrations in the retina (2) . Zinc deficiency in humans can lead to vision-related disorders such as poor dark adaptation, night blindness, and retinal degeneration (3) . The role of Zn 2ϩ in vision is likely related, in part, to rhodopsin, the light receptor that initiates phototransduction in the rod outer segments (ROS) 5 of retinal photoreceptor cells (4) . Rhodopsin can directly associate with this bivalent metal ion (5, 6) , and Zn 2ϩ increases the level of rhodopsin phosphorylation (7) . Furthermore, changes are observed in the pattern of thermal bleaching and regeneration of rhodopsin by 11-cis-retinal in the presence and absence of Zn 2ϩ (6, 8) . Therefore, Zn 2ϩ appears to affect the structure and function of rhodopsin.
Rhodopsin in native ROS disc membranes has been previously characterized by single-molecule force spectroscopy (SMFS) to reveal the molecular interactions that stabilize the dark state of the receptor (9) . The receptor is organized into several stable structural segments that present barriers to unfolding. Forces required to unfold these segments provide a direct measure of the molecular interactions stabilizing the protein in a particular region. SMFS has also been used to characterize the molecular interactions underlying the stability of a few other membrane proteins including bacteriorhodopsin and halorhodopsin from Halobacterium salinarium (10, 11) , the sodium/proton antiporter NhaA from Escherichia coli (12) , and human aquaporin-1 (13) . The sensitivity of SMFS assays enables one to probe the effects of environmental factors like temperature, pH, ion concentration, and oligomeric assembly on the molecular interactions stabilizing a protein (12, 14 -16 ).
In the current study, we use SMFS to monitor the effect of Zn 2ϩ on molecular interactions stabilizing dark-state rhodopsin. Force-distance (F-D) curves obtained from native bovine ROS disc membranes in the presence of Zn 2ϩ revealed that the location of stable structural segments in rhodopsin is unaffected by the inclusion of this bivalent metal ion. However, forces required to unfold these segments in the presence of Zn 2ϩ were significantly increased. Thus, Zn 2ϩ appears to strengthen the molecular interactions that stabilize the native structure of rhodopsin.
EXPERIMENTAL PROCEDURES
ROS Disc Membrane Preparation-All experimental procedures were carried out under dim red light. Centrifugation steps were performed at 4°C. ROS were purified from fresh bovine retinas as described (17) and stored at Ϫ80°C. To obtain disc membranes, ROS membranes were resuspended using a glass hand-held homogenizer with 13 ml of buffer A (2 mM Tris-HCl, pH 7.4) and incubated overnight at 4°C. The membrane suspension was centrifuged at 26,500 ϫ g for 30 min. Membranes were then washed twice with 13 ml of buffer A and three times with 3 ml of buffer B (2 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, pH 7.4), after collecting each time by centrifugation at 26,500 ϫ g for 30 min. Membranes resuspended in buffer A were used for SMFS and atomic force microscopy (AFM) imaging. Alternatively, membranes were resuspended in buffer C (67 mM potassium phosphate, 1 mM magnesium acetate, 0.1 mM EDTA, 1 mM dithiothreitol, 18% sucrose, pH 7.0) and stored at Ϫ80°C. Membranes stored in buffer C were washed twice with buffer A prior to SMFS studies.
SMFS-SMFS was performed as described previously (9) . Disc membranes were adsorbed onto freshly cleaved mica surface. Rhodopsin was attached nonspecifically to Si 3 N 4 cantile-vers (NPS, Veeco Metrology; nominal spring constant Ϸ0.08 newton/m) by applying a contact force of Ϸ1 nN between the AFM stylus and the membrane surface. After a contact time of Ϸ0.5-1 s, the stylus was retracted from the membrane surface at a constant velocity of 300 nm/s. Experiments were performed on Picoforce (dI-Veeco, USA) and Multimode (dI-Veeco, USA) AFM instruments. Spring constants for AFM cantilevers were calibrated in buffer solution by use of the equipartition theorem (18, 19) . All cantilevers exhibited similar spring constants within the uncertainty of the calibration method (Ϸ10%).
All SMFS experiments were performed in SMFS assay buffer (150 mM KCl, 25 mM MgCl 2 , 20 mM Tris, pH 7.8) at room temperature, unless indicated otherwise. In experiments where membranes were treated with ZnCl 2 (Fluka, Sigma), CaCl 2 (Merck, Sigma), CdCl 2 (Sigma), CoCl 2 (Sigma), or CuCl 2 (Sigma), the assay buffer was supplemented with the specified concentrations of bivalent metal ions. ROS disc membranes were diluted in assay buffer supplemented with metal ions and incubated on ice for 40 -60 min in complete darkness. When membranes were treated with EDTA (Sigma), MgCl 2 was excluded from the assay buffer. F-D curves were collected over a period of less than 1 h.
Selection and Analysis of F-D Curves-F-D curves were first separated based on length (9) . All F-D curves exhibiting similar overall unfolding spectra and lengths were selected and aligned using identical procedures and criteria established previously (20) . Every peak of a single F-D curve was fitted using the wormlike chain (WLC) model with a persistence length of 0.4 nm (21) . The number of extended amino acid residues at each peak was calculated from the contour length obtained from the WLC fits assuming an amino acid residue length of 0.36 nm. This approach allowed assignment of unfolding events to structural segments of rhodopsin as described previously (20) .
Molecular Dynamics (MD) Simulations-Rhodopsin monomers and dimers were immersed in a membrane composed of dipalmitoylphosphatidylcholine phospholipids. The final system contained 153 dipalmitoylphosphatidylcholine molecules for the rhodopsin monomer (Protein Data Bank code 1U19) and 105 for the rhodopsin dimer (PDB code 1N3M). Positions of Zn 2ϩ were taken from the most updated rhodopsin crystal structures: site 1 from 1GZM and sites 2-4 from 1U19. Periodic box dimensions were 6.33 ϫ 6.33 ϫ 11.0 and 10.0 ϫ 6.33 ϫ 11.0 nm for the rhodopsin monomer and dimer, respectively. Each Zn 2ϩ was given a charge of ϩ2. A simple point charge water model (22) was used and counterions were added to maintain an overall charge equal to zero. The particle mesh Ewald procedure (23, 24) was used for treatment of long-range electrostatic interactions. Initial equilibration of the system was performed by 500 ps MD with C␣ atoms of rhodopsin and all Zn 2ϩ frozen. During subsequent 1000 ps MD the C␣ atoms and Zn 2ϩ were restrained to their initial positions using harmonic potentials. In MD simulations testing the stability of Zn 2ϩ in its binding sites, Zn 2ϩ was initially positioned in each of the crystal structure binding sites with the freedom to move and C␣ atoms of rhodopsin were restrained to their initial positions with harmonic potential. MD simulations were conducted in Gromacs (25) using the standard ffgmx forcefield modified for describing lipids (26) .
RESULTS

Unfolding Single Rhodopsin Molecules from Native ROS Disc
Membranes-Native ROS disc membranes containing rhodopsin were studied by SMFS (9) . Discs flatly adsorbed onto supporting mica were predominantly burst open and displayed a raft-like organization of rhodopsin (9, 27) . Single rhodopsin molecules were attached nonspecifically to an AFM stylus. This molecular bridge established between the AFM stylus and the receptor was used to exert a mechanical pulling force sufficient to unfold the protein.
The nonspecific nature of protein attachment to the AFM stylus resulted in interactions with both the terminal region and loops of rhodopsin. Only curves with lengths corresponding to the full-length of the rhodopsin polypeptide chain were selected for analysis. This selection criterion ensured that the F-D curves analyzed represent the unfolding of rhodopsin from its terminal region into an entirely stretched conformation. Previous characterization of disc membranes by SMFS revealed that the membranes adsorbed onto the supporting mica predominantly expose the extracellular surface of rhodopsin (9) . Thus, SMFS pulling occurs from the amino-terminal region of rhodopsin.
Two major classes of F-D curves were detected that correspond to the unfolding of an entire rhodopsin polypeptide chain. Curves with a length of Ϸ65 nm correspond to the unfolding of rhodopsin with an intact native disulfide bond between Cys 110 and Cys 187 and curves of length Ϸ95 nm correspond to the unfolding of rhodopsin in the absence of the native disulfide bond (9) . Only curves of length Ϸ65 nm were considered in WLC model analyses (Fig. 1) . Each force peak of F-D curves was fit using the WLC model, which describes the stretching of a polymer of a given length (21) . This procedure revealed the number of unfolded residues stretched above the membrane surface for a particular force peak, and allowed us to locate molecular interactions established by the protein and map such information on to the secondary structure of rhodopsin (Fig. 2) .
Zn 2ϩ Binding Increases the Stability of Rhodopsin-To examine the effect of Zn 2ϩ on the molecular interactions established within rhodopsin we performed SMFS on disc membranes in SMFS assay buffer supplemented with 200 M ZnCl 2 . F-D curves revealed the same location for each stable structural segment as that detected in the absence of ZnCl 2 ( Fig. 1 , Table 1 ). The presence of Zn 2ϩ increased unfolding forces and thus the strength of molecular interactions stabilizing structural segments (Fig. 3A , Table 1 ). Increased unfolding force was observed for all segments except for the first stable structural segment of the NH2-terminal region (N1) and the stable structural segment involving helix VII (H7). The largest force increases were observed in the four structural segments contained between extracellular loop E1 and helix VI (E1; H3, H4, C2, E2; H5, C3; H6.1). Forces required to unfold these segments were 40 -46 pN higher in the presence of 200 M ZnCl 2 than in its absence. Other segments that displayed appreciable increases in unfolding force include helix I (27 pN) and the cytoplasmic tail (30 pN). All other structural regions showed more minor increases in unfolding force. The increase in forces required to overcome unfolding barriers in the presence of 200 M ZnCl 2 points to a stabilizing effect of Zn 2ϩ on the molecular interactions in those regions.
The dependence of the apparent stabilization of stable structural segments on Zn 2ϩ concentration was characterized by performing SMFS in the presence of ZnCl 2 at concentrations ranging from 0 to 400 M (Fig. 4 ). All structural segments exhibiting an appreciable increase in stability in the presence of 200 M ZnCl 2 showed a clear concentration-dependent relationship with saturation occurring at Ϸ100 M of the bivalent metal ion. Estimates of the EC 50 for these effects were determined from concentration-dependent curves. EC 50 values of 40 and 37 M were obtained from concentration-dependent curves for structural segments H3, H4, C2, E2 and H5, C3, respectively. The EC 50 values revealed from SMFS measurements are in agreement with the equilibrium dissociation constant (K D ) of 2-10 M determined biochemically for Zn 2ϩ binding to rhodopsin (5) .
Disc membranes studied in SMFS assays were prepared in buffer containing 2 mM EDTA, so most of the free and solventexposed Zn 2ϩ should be absent. To test the completeness of Zn 2ϩ chelation, we collected F-D curves in the presence of 1 mM EDTA. The standard SMFS assay buffer used in this study contained 25 mM MgCl 2 ("Experimental Procedures"), which would interfere with the chelation of Zn 2ϩ by EDTA. Accordingly, SMFS of disc membranes done in the presence of EDTA was performed in buffer lacking MgCl 2 . The absence of MgCl 2 in the SMFS assay buffer did not significantly change the forces required to unfold stable structural segments (Fig. 3B) . Inclusion of 1 mM EDTA resulted in a minor decrease in the externally applied force required to unfold many of the stable structural segments. A Zn 2ϩ -binding site has been proposed to reside within the transmembrane helices of rhodopsin (6), which would be inaccessible to EDTA during the preparation of membranes. Unfolding of rhodopsin during SMFS might expose this site to EDTA. The total reduction of forces observed in the presence of EDTA may derive in part from the chelation of this protected Zn 2ϩ during rhodopsin unfolding and in part to a small amount of free or solvent-exposed Zn 2ϩ present even after disc membrane preparation.
Stabilization of Rhodopsin by Zn 2ϩ Is Specific-To determine whether the apparent stabilization of stable structural segments was due specifically to Zn 2ϩ rather than to nonspecific electrostatic effects, other bivalent metal ions were tested. SMFS assays were performed in the presence of 200 M CaCl 2 , CdCl 2 , CoCl 2 , or CuCl 2 . F-D curves obtained in the presence of 200 M CuCl 2 did not show any specific peaks corresponding to stable structural segments like the other metal ions (data not shown) and were not included in the analyses. Each of the other bivalent metal ions tested exhibited the same stable structural segments as those observed in the absence of added metal ions and in the presence of 200 M ZnCl 2 (Fig. 1) . However, none of those bivalent metal ions were able to mimic the full effects on the magnitude of unfolding forces observed in the presence of ZnCl 2 (Fig. 3A) , which suggests that the apparent stabilization afforded by Zn 2ϩ binding is specific. The increase in force required to overcome unfolding barriers observed in the presence of 200 M ZnCl 2 were partially reproducible at a couple of the stable structural segments in the presence of CdCl 2 and CoCl 2 . In the presence of CoCl 2 , F-D curves displayed an equal increase in unfolding force for structural segment E3 as that observed in the presence of ZnCl 2 . F-D curves recorded in the presence of CdCl 2 showed a marked but lower increase in unfolding force compared with those obtained with ZnCl 2 in segment H5, C3. The ability of Co 2ϩ and Cd 2ϩ to partially mimic the effects of Zn 2ϩ in those specific Curves obtained from samples in SMFS assay buffer devoid of ZnCl 2 were those reported previously (9) . Only curves that exhibited lengths corresponding to the unfolding of a rhodopsin polypeptide chain with an intact Cys 110 -Cys 187 bond (Ϸ65 nm) were analyzed (A and C), and a selection of F-D curves is shown for each condition tested (B and D). Several F-D curves were superimposed (B, n ϭ 42; D, n ϭ 34) to highlight peaks that occurred with high frequency (black) and those that occurred with lower frequency (gray shaded). Each peak in the individual F-D curves was fit with the WLC model to reveal the number of amino acid residues stretched between the probe and the membrane surface. Average values are shown above each fit, and the color of each fit corresponds to the coloring of stable structural segments in Fig. 2 unfolding in these instances (9) . Formation of this alternative covalent bond can be favored by environmental changes or by naturally occurring point mutations that cause destabilization or misfolding of rhodopsin, which leads in turn to retinitis pigmentosa (9, 28, 29) , a neurodegenerative disease causing blindness. The ratio of the two classes of F-D curves was determined for each of the different ZnCl 2 concentrations tested (Fig. 5) Table 1 . increase in the unfolding force of stable structural segments was saturable and specific to Zn 2ϩ . Thus, Zn 2ϩ interacts specifically with rhodopsin and can alter molecular interactions within the protein that stabilizes the structure of the receptor.
The stability of rhodopsin is often inferred from thermal bleaching studies. ZnCl 2 (15-100 M) increases the rate of thermal bleaching of rhodopsin, both in solution and in ROS membranes (6, 8) , suggesting that exogenous Zn 2ϩ decreases the thermal stability of the protein. This effect is in apparent disagreement with the SMFS data. Both the SMFS and thermal bleaching data point to an effect on the structure of the receptor molecule. Thermal bleaching assays indirectly detect effects on the structure of the receptor by measuring the hydrolysis of the chromophore. It may be incorrect to assume a direct correlation between the hydrolysis rate of the chromophore and the structural stability of rhodopsin. Hence, SMFS may provide a better measure of protein stability because it directly detects molecular interactions occurring within a protein.
Is and Cys 187 (29) . Disruption of the Zn 2ϩ -binding site involving Table 1 . His 211 has been proposed to underlie the mechanism of these effects (6) . Thus, Zn 2ϩ may stabilize and promote the proper folding of rhodopsin.
Zn 2ϩ -binding Sites in Rhodopsin-Zn 2ϩ can bind to purified rhodopsin, rhodopsin in disc membranes, and rhodopsin in three-dimensional crystals (5, 6, 30 -34) . The binding site for Zn 2ϩ is specific for this bivalent metal ion because no other bivalent metal ion except Cu 2ϩ can fully displace radioactive Zn 2ϩ bound to rhodopsin in disc membranes (5) . Cd 2ϩ and Co 2ϩ can partially compete with radioactive Zn 2ϩ , which may explain their ability to partially mimic the effect of Zn 2ϩ at a few of the stable structural segments in rhodopsin. The specificity of Zn 2ϩ -binding sites is further supported by the observation that Zn 2ϩ -induced effects on the thermal bleaching of rhodopsin cannot be mimicked by other bivalent metal ions (8) .
Sites in rhodopsin that were occupied by Zn 2ϩ in crystal structures of the receptor in its inactive dark state are shown in Fig. 6A (30 -34) . These are the same sites considered elsewhere (6), except we have excluded a site that bridges a nonphysiological dimer interface occurring only in three-dimensional crystals (32) -binding site buried within the transmembrane helices (site 2) has been confirmed by mutagenesis studies (6) . Zn 2ϩ -binding sites have been determined by mutagenesis in other GPCRs (42) (43) (44) (45) (46) . Mutations at such sites either abolish or significantly attenuate the effects of Zn 2ϩ on the binding properties of GPCR ligands. The investigated sites were localized to solvent-accessible regions in the extracellular and cytoplasmic exposed sides of the receptors.
Zn 2ϩ Binding Has a Global Effect on Rhodopsin-Whether the effect of Zn 2ϩ on rhodopsin is local or global has not been studied to date. It has been proposed that the folding of rhodopsin is a highly cooperative process and that long-range interactions contribute to the stability and function of this protein (47) . Within such a framework, the effect of changes at one location in the protein would not be localized to that region, but rather, could propagate to other areas resulting in global effects rather than just local ones. This framework is reflected in retinitis pigmentosa point mutations in rhodopsin that demonstrate the tight functional and structural coupling of transmembrane domains and the extracellular region (29, 48, 49) .
In the sodium-proton antiporter NhaA, binding of the ligand Na ϩ results in a highly localized effect that does not perturb molecular interactions in neighboring helices (12) . The local- ized effect of Na ϩ binding is detected as an additional force peak in F-D curves. The additional peak likely results from interactions established within the region of the ligand-binding site in NhaA. In contrast, the binding of Zn 2ϩ to rhodopsin did not change the molecular interactions of a single stable structural segment but rather increased the force required to unfold most of the detected stable structural segments. This observation points to a stabilizing effect that is not confined locally to regions in close proximity to Zn 2ϩ -binding sites, but rather, is propagated throughout the entire molecule.
Although the global effect of Zn 2ϩ increased the unfolding force of stable structural segments, the magnitude of these changes was not the same across all segments. The global effect of Zn 2ϩ affected each of the stable structural segments differently, and the nature of those changes requires further investigation. Surprisingly, the COOH-terminal region (cytoplasmic tail) showed a marked increase in stability in the presence of Zn 2ϩ . Because most of the receptor molecule is unfolded out of the membrane during unfolding of this region, all of the molecular interactions with the rest of the receptor would be absent and the global stabilizing effects of Zn 2ϩ should be absent as well. Assuming a dimeric model of rhodopsin, the COOH-terminal region would be in contact with an adjacent rhodopsin molecule (50) . Thus, the observed increase in force of this segment may derive from molecular interactions involving regions in the partner rhodopsin molecule.
Implications of Zn 2ϩ Binding on the Oligomeric Nature of Rhodopsin-Upon close examination of the Zn 2ϩ -binding sites considered in our study, it is apparent that these sites line up along the putative dimer interface of rhodopsin, which has been proposed based on packing constraints from AFM studies (Fig.  6A) (50, 51) . Oligomerization of rhodopsin and other GPCRs has only recently become an appreciated concept and likely plays a central role in the signaling process (52) . The binding of Zn 2ϩ to rhodopsin changes the electrostatic potential of the putative dimer interface of the receptor (Fig. 6) . Electrostatic interactions at the dimer interface must be optimized for dimerization to occur.
In the absence of bound Zn 2ϩ (Fig. 6B) , the contact area at the cytoplasmic side is characterized by a slightly positive electrostatic potential that would not prevent the dimerization of rhodopsin. In contrast, the contact area at the extracellular side has a strong negative potential that would introduce a strong repulsion and thereby hinder dimerization. Binding of Zn 2ϩ to all 8 sites observed in crystal structures eliminates the repulsive negative electrostatic potential at the extracellular contact area (Fig. 6C) . However, the electrostatic potential at the cytoplasmic contact area becomes strongly positive and therefore repulsive. The optimal electrostatic potential at the dimer interface of rhodopsin will occur when all Zn 2ϩ -binding sites are occupied except for the site at the cytoplasmic surface (Fig. 6D) .
SMFS studies on monomeric, dimeric, and trimeric forms of bacteriorhodopsin in purple membranes display similar mechanisms of membrane protein stabilization to those observed in the current investigation (15) . F-D curves of different bacteriorhodopsin oligomeric assemblies reveal that the stability of structural segments changes with the oligomeric state. Bacteriorhodopsin present exclusively as monomers exhibits the lowest stability, whereas those present as trimers exhibit the highest stability. The naturally occurring trimeric state of bacteriorhodopsin enhances the stability of almost every structural segment established within the molecule. Similar to rhodopsin, some structural segments were stabilized to a greater extent than others. Assembly of bacteriorhodopsin into trimers appears to be a natural mechanism to enhance the stability of the protein. This mechanism allows for proper function of the light-driven proton pump under the harsh environmental conditions encountered by H. salinarium. A similar stabilizing mechanism may also exist in rhodopsin dimers. Localization of crystal structure Zn 2ϩ -binding sites at the dimer interface of rhodopsin suggests that this bivalent metal ion modulates the intermolecular interactions between adjacent rhodopsin molecules that in turn modulate intramolecular interactions to enhance the stability and function of this receptor.
Zn 2ϩ and Other GPCRs-Rhodopsin is a prototypical member of the GPCR superfamily (53) , so the potential physiological role of Zn 2ϩ in rhodopsin signaling may extend to other members of the GPCR family. Many GPCRs modulate activities in the central nervous system. The brain, similarly to the eye, contains high concentrations of Zn 2ϩ . The concentration of Zn 2ϩ in the brain has been estimated to be 150 M (1) and it has been suggested that the release of Zn 2ϩ into the synapses of hippocampal neurons can result in local concentrations as high as 300 M (54). Several GPCRs residing in brain reportedly bind Zn 2ϩ with micromolar binding affinities and modulate the binding properties of agonists, antagonists, and inverse agonists (42, 44 -46, 55, 56) . Similarly, the dissociation constant of Zn 2ϩ for rhodopsin in disc membrane and purified rhodopsin in the dark has been estimated to be 2-10 M (5), and the maximal regeneration of rhodopsin by its chromophore is reduced in the presence of Zn 2ϩ (8) . These observations suggest that Zn 2ϩ can bind to rhodopsin and other GPCRs under physiological conditions and may play a role in signaling processes.
